ABSTRACT
Introduction
In modern plastics, reinforcement of any inorganic or organic particles is the most common method to improve the properties of the polymer. In particular, Polymer Clay is an interesting and very promising research area due to cost effective and their ease of availability from natural resources. Smectic clays, in particular, montmorillonite (MMT) type of clays are predominantly used as nano fillers in the Polymer Clay Nanocomposites (PCN). Naturally available MMT clays are hydrophilic and they must be made organophilic (hydrophobic) to have compatible with most host polymers, because most of polymers are hydrophobic. Organic treatment is typically accomplished via organic cations, namely onium or quaternary ammonium based salts in MMT clays. When these organotreated MMT clays are filled in to the host polymer matrix, two types of morphologies will form, namely, intercalated and delaminated/exfoliated nanocomposite structure. The intercalated structure is a well-ordered multilayered structure of silicates, where the polymer chains are just inserted into the interlayer spaces (intergallery region). On the other hand, in the exfoliated/delaminated structure the polymer chains separate individual silicate layers well apart, e.g., 80 -100 Å or more, and no longer close enough to interact with each other. Sometimes in exfoliated structure, nanolayers are randomly dispersed in matrix polymer. The aspect ratio (length/thickness) of individual nanolayer of clay is very high in the order of several 100 to 1000, and therefore contribute to the improved mechanical properties in polymer system along the loading direction and as well as serves as an impermeable medium when the host polymer is exposed to the gas/moisture medium. The maximum utilization of this aspect ratio is fully exploited by an exfoliated structure of PCN composites rather than an intercalated structure. Hence, achieving an exfoliated structure is a real challenge in this PCN system, even though various polymers are used in recent years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] .
Polypropylene (PP)-clay nanocomposites is an area of tremendous interest due to wide application of PP polymer in commodity areas and also recent usage in engineering applications. The addition of nanoclay in PP matrix increases the thermal stability, increases physical properties (dimensional stability), improves flame retardant properties (increased thermal-oxidative stability and reduced Heat Release Rate), and improves mechanical properties and fracture properties and gas barrier properties. PP is a relatively inert thermoplastic polymer with non polar characteristics and moreover does not have any reactive functional group. So there cannot be any reaction in PP with alky l ammonium ions of organo MMT [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] .
From the literature work of PP-clay nanocomposites it is found that the report on the influence of molecular weight and synthetic methods of PP polymer is not fully exploited. Hence, in this work a detailed insight is given on how the synthetic methods, processing conditions and their resultant structure and morphology affects various molecular weights of PP polymers that are filled with nanoclay particles. Considering the difficulties in achieving the exfoliation structure, such studies are important in PP-clay based nanocomposites because the intercalation and exfoliation structure takes place only through proper control of processing parameters as well as the synthetic methods. In this work, three different molecular weight of PP sample were chosen and nanoclays were added at 1 wt% and 3 wt% and the materials were developed either by extrusion or casting methods.
Experimental Details

Materials
Polypropylene pellets (melting point 168°C) were procured from Chempro, South Africa. Three different molecular weights (M w ) of PP polymer (M w of 3.5 × 10 5 , 2.06 × 10 5 and 1 × 10 5 ) were procured from Chempro, South Africa. M w of 3.5 × 10 5 is designated at high molecular weight polypropylene (LM-PP), M w of 2.06 × 10 5 is designated at medium molecular weight polypropylene (MM-PP) and M w of 1 × 10 5 is designated at low molecular weight polypropylene (LM-PP) in future discussions. Cloisite 15 A nanoclay was obtained from Southern Clay Products, USA. This Cloisite 15 A clay is montmorillonite clay that was organically modified with a quaternary ammonium salt.
Nanocomposite Preparation
The PP-clay nanocomposites was prepared by using two methods, namely, extrusion and casting. In extrusion method, the polypropylene pellets and the nanoclay were combined in a REIFFENHAEUSER single screw extruder. The extruder has a 40 mm diameter single rotating screw with a length/diameter ratio (L/D) of 24 and driven by a 7.5 kW motor. Extruder has got three heating zones along the length of the screw as follows: Zone 1 (Hopper or pellet loading end), Zone 2 (centre region of screw) and Zone 3 (extrusion end). The melt mixing conditions were kept at constant temperature of 190°C (Zone 1), 230°C (Zone 2) and 230°C (Zone 3), and the screw speed is kept at 80 rpm. In casting method, the PP pellets and nanoclays of desired weight content are mixed together by mechanical mixer at room temperature and then heated to its melt temperature using a LABCON HTR2 environmental heating chamber. After placing in the molten condition for the desired time (15 minutes), the molten sample was poured in the aluminium mould with dimensions of 275 × 175 × 10 mm, and allowed it to set at room temperature.
Characterization
The structure of nanocomposites is studied by using XRD and TEM methods. A Philips PW1050 diffractometer was used to obtain the X-Ray diffraction patterns using CuKα lines (λ = 1.5406 Å). The diffractrograms were scanned from 2.5˚ to 12° (2θ) in steps of 0.02˚ using a scanning rate of 0.5˚/min. Microscopic investigation of selected nanocomposite specimens at the various weight compositions were conducted using a Philips CM120 BioTWIN transmission electron microscope with a 20 to 120 kV operating voltage. The specimens were prepared using a LKB/Wallac Type 8801 Ultramicrotome with Ultratome III 8802A Control Unit. Ultra thin transverse sections, approximately 80 -100 nm in thickness were sliced using a diamond coated blade.
Melt Flow Index is measured for test samples as per ASTM D1238 testing method. Thermal Analyzer DSC instrument is carried out for composites series to study the thermal properties. Heating were carried out from room temperature to 200°C at the heating rate of 10°C/min and two heating scans have been conducted on the test specimen. In heat -1 scanning, the melting temperatures (T m1 ) were observed. In these curves, ΔH (J/g) value of melting peak is measured and the % crystallinity is measured by comparing with the theoretical 100% crystalline PP melting peak value (115 J/g) [26] . The % crystallinity is calculated by taking the ratio of ΔH of melting of test sample to the ΔH of 100% crystalline PP polymer. Once the polymer is taken to molten state, it is rapidly cooled to room temperature using liquid nitrogen and again heat -2 scan is conducted up to 200°C. In heat -2 scan, crystallization temperature (T ch ) and actual melting point (T m ) of material is measured. In a special case, once the polymer is taken to molten state (heat -1) it is slowly cooled at the rate of 10°C/min to measure the crystallization temperature on cooling (T cc ). Crystallization rate is measured in composites series by keeping the samples at their respective crystallization temperature (T ch ) at different minutes followed by rapid quenching using cold water to room temperature at the rate of 100°C/min. The quenched specimen is further heat scanned using DSC to measure the % crystallinity using above mentioned formula.
Mechanical Testing
Tensile tests were performed on virgin PP and the nanocomposite specimens using the LLOYDS Tensile Tester fitted with a 20 kN load cell. The tensile tests were performed at a crosshead speed of 1 mm/min in accordance with the ASTM D3039 standard. Five tensile specimens is taken and the average value is considered for plotting stress-strain curves. It is envisaged that the standard deviation of all the test specimen values are within 3%. The fracture surfaces of tensile specimens were examined by using JEOL JSM 840A scanning electron microscope (SEM). Table 1 shows the melt flow behaviour of PP-clay series. The result shows that the melt viscosity of all the PP polymer series (LM, MM and HM) is almost constant. The addition of clay increases the melt viscosity of the polymer. The rate of increase in viscosity is higher for HM-PP-clay series than other series. The melting point of PP series is shown in Figure 1 of DSC heat 1 scan. It shows that the melting point of PP polymer series are almost constant. However, in heat 2 scanning of DSC (Figures 2 and 3 ) result shows that the crystallization temperature (T ch and T cc ) of LM-PP is higher than that of other PP series. The effect of nanoclay on the DSC properties is shown in Table 2 . Nanoclay addition increases the T ch and T cc temperature of PP series. The rate of increase of crystallization temperature is lesser for HM-PP series than other PP series. The melting point of PP is by and large unaffected due to the presence of nanoclay.
Results and Discussions
Structure and Properties
The increased crystallization behaviour of PP-clay nanocomposites is examined by studying the rate of crystallization formation. Table 3 shows the % crystallization achieved at various time intervals. It is observed that the rate of crystallization formation is higher in nanoclay filled PP composites. Among the nanocomposite series, LM-PP series filled with nanoclay shows higher rate of crystallization formation. As LM-PP haslower molecular weight, the crystal formation is relatively easier than that of higher molecular weight PP nanoclay composites. The increased crystallization rate and % crystallinity of nanoclay filled PP composites suggests that the nanoclay acts as a nucleating agent. The nucleating behaviour is further examined by studying the Avarami kinetic equation. Equation 1 shows the general Avarami equation as a function of relative crystallinity (X f ) and time to achieve X f .
where K and n are constants that are considered as the important parameters for crystallization mechanisms. The values of K and n can be calculated by plotting log[-ln(1 -X r )] vs. log(t). n and log(K) values are the slope and intercept values respectively of the Avarami's plot. The Avarami plot for PP series and LM-PP-nanoclayseries is showed in Figures 4 and 5 respectively. The Avarami's kinetic constants, namely, n and K values are shown in Table 4 . The remarkable increase in kinetic constant (K) and crystallization rate; decreased n value suggests that the nanoclay acts as the nucleating agent in the system and hence increase the % crystallinity and rate.
Further, this rheological effect of nanoclay on structure and morphology is planned to examine for PP polymer. Hence, the structure and morphology of extruded samples is examined by using XRD and TEM methods. Figure 6 shows the XRD patterns of PP-clay series. Nanoclay (Cloisite 15A) shows the diffraction peak of 2θ at 3.3° and corresponds to interlayer spacing of nanoclay (d-spacing) of 26.75 Å (calculated from Bragg's diffraction law of 2d Sinθ = nλ). HM-PP + 3 wt% clay shows the diffraction peak at of 2θ at 3.10° and corresponds to interlayer spacing of nanoclay (d-spacing) of 28.47 Å. This suggests that the interlayer spacing of nanoclay is increased by about 1.72 Å due to the presence of matrix polymer in the interlayer region of nanoclay. The presence of matrix polymer in the interlayer regions increases the interlayer spacing of the nanoclays and more over the results further shows that the nanolayers are arranged parallel to each other which is a typical intercalated structure. In MM-PP -3 wt% nanoclay, the diffraction peak occurs at 2θ of 2.98° and this corresponds to the interlayer spacing of clay of 29.62 Å. The result shows that in MM-PP-3 wt% clay composites, the structure is an intercalated structure with increased interlayer spacing of nanolayers than that of HM-PP -3 wt% clay composites.
In the case of LM-PP -3 wt% nanocomposite, no diffraction peak is observed and this suggests that the nanolayers of clay could have randomly dispersed in the matrix polymer or the clay nanolayers are separated well apart (> 80 Å) so that Bragg diffraction cannot occur due to CuK lines. This type of structure is called an exfoliated structure or ordered exfoliated structure. The results further shows that the low molecular weight based PP-clay composites form an exfoliated structure and whereas higher molecular weight based PP-clay composites form an intercalated structure. To further understand the dispersion of clay in the polymer matrix, TEM is taken for these composites are taken and shown in Figure 7 . Figure 7 is the bright field TEM pictures of nanoclay.
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Matrix Composites filled PP composites, in which the bright phase in the TEM picture is the matrix phase and the dark phase is the particle phase. LM-PP + 3 wt% nanoclay composites shows the a well separated distribution nanolayers in the matrix and such structure is the exfoliated structure. 
XRD pattern of (a) organoclay, (b) HM-PP + 3 wt% clay, (c) MM-PP + 3 wt% clay, (d) MM-PP + 1 wt% clay and (e) LM-PP + 3 wt% clay.
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Copyright © 2011 SciRes. MSA sible reason for intercalated structure in HM-PP and MM-PP series could be due to the high viscosity of polymer and clay mixture that could have induced low shear force during processing. Moreover, all the PP-clay series are processed at same shear force and this force might be lesser to exfoliate the clays in higher molecular weight PP composites. The effect of this reheological, structure and morphology of nanoclay filled PP composites is further examined by studying the tensile properties of the composites. Figure 8 shows the tensile stress-strain curves of PP series. The curves show that the behaviour of PP series under loading is different from each other. HM-PP shows increased failure strain than that of other PP series, whereas it shows lowest modulus than other PP series. Table 5 and Figure 9 show the effect of nanoclay on tensile properties of various PP series. This result shows that the addition of nanoclay in PP improves the tensile modulus, strength and failure strain in all the PP series. The increased modulus in nanocomposites is due to the molecular level distribution of the clays in the polymer matrix. The nanoclay increases the molecular strength due to the nanolevel distribution of the particles and thereby increases the modulus under loading condition. The possible increase in the strength of the nanocomposites is due to the nanoclay particles acts as a crack stoppers or initiates the crack growth at higher loading level. In addition to these factors, the extended deformation mechanisms could have also caused the composites to fail at higher strength level. To further understand this deformation mechanisms, SEM of the composites specimens were taken and shown in Figure 10 . The fracture surface of LM-PP is smooth and the crack has propagated in the material with several branched marks caused due to the propagation of crack front. On the other hand, fracture surface of LM-PP + 3 wt% clay shows the different fracture morphology. The crack surface shows the extended deformations (shown in circles) that caused the material to fail in higher strain level. Also, the crack surface shows the failure occurs under the cavitation mechanisms (represented by arrows). In this cavitation mechanism, the propagating crack surrounds the particle front and will propagate further at higher loading level until material fails. Hence, these factors have caused the increased tensile properties of nanoclay filled PP polymer composites. On observing Table 5 , it further shows that the rate of improvement in tensile properties of high molecular weight PP-clay composite series (MM-PP and HM-PP) is slower than that of other series. The possible cause of this could be the formation of intercalated structure in these nanocomposites. When compared to intercalated structure, exfoliated structure provides better improvement in properties due to the random distribution of nanolayers of clays as well individual dispersion of nanolayers of clays. In the intercalated structure, group of nanolayers forms a stacking sequence and orient in particular direction and this reduces the dispersion ability of individual nanolayers and also reduces the net aspect ratio of the nanolayers (length/thickness). Therefore, better improvement in properties can be obtained in intercalated structure if the nanolayers are dispersed randomly or forms into an exfoliated structure. Hence, to obtain the better dispersion of intercalated structures, the processing parameters were varied and examined.
Effect of Processing Parameters on Structure and Properties of Nanocomposites
In order to improve the dispersion quality of the nanolayers of clays particles in high molecular weight PP polymer matrix (MM and HM series), it is decided to change the processing parameters. Two parameters were varied in the extrusion processing, namely, increased temperature and increased melt shear force. In the first case, the extrusion processing temperature is varied from 230°C to 245°C and the resultant change in the XRD pattern over previous method is shown in Figure 11 . Figure 11 shows the XRD pattern of MM-PP and HM-PP polymer filled each with 3 wt% clay. The figure shows a diffraction peak at 2θ of 2.92° and 2.82° and corresponds to the interlayer spacing of 28.47 Å and 29.62 Å for MM-PP + 3 wt% clay and HM-PP + 3 wt% clay composites respectively. The results show that the formation of intercalated nanocomposite structure with improved d-spacing over the previous processing method conditions (230°C). In the another case of processing, the shear force is increased by changing screw rpm from 80 rpm to 120 rpm and keeping the processing temperature constant at 230°C. Figure 12 shows the XRD pattern of MM-PP and HM-PP polymers filled each with 3 wt% nanoclay that were processed by high shear force. The XRD pattern shows the absence of any diffraction peaks. This suggests that the structure is an exfoliated structure.
To further under stand the dispersion level of nanoclays in the polymer matrix, TEM of these processed samples were taken and shown in Figure 13 . Figure 13 is the TEM of HM-PP + 3 wt% nanoclay processed at two different conditions. It is observed that higher processed temperature of composites shows the intercalated structure and whereas higher shear induced force composites shows the exfoliated structure. These pictures further support the XRD result. In high temperature processing, the separation of nanolayers can occurs only though the diffusion mechanisms, and the higher molecular weight polymer might face considerable difficulties in diffusing into the inter gallery regions of nanoclays and hence resulted in an intercalated structure. Whereas in high shear force induced nanocomposites processing, the increased shear force is sufficiently high enough to break the particles into smaller size, or to delaminate the clay nanolayers. Therefore high shear force can favour the formation of an exfoliated structure in high molecular weight polymer composites. The resultant tensile properties due to these processing effects is shown in high processing temperature and Case 2 is high shear force). The result shows improved property enhancement of composites in high shear force condition due to the formation of an exfoliated nanocomposite structure.
Effect of Synthetic Methods on Structure and Properties of Nanocomposites
In a special case, the effect of synthetic methods on the properties is studied. Here, two synthetic methods are compared, namely extrusion process and casting process. Table 7 shows the effect of synthetic methods on tensile properties of composites. It shows that the extrusion method shows improved properties than that of casting method. The possible reason for low property in the casting method is examined by studying the morphology of the clay particles in PP matrix using TEM. Figure 14 shows the TEM of 3 wt% nanoclay dispersion in LM-PP matrix and shows the existence of intercalated nanocomposites structure with agglomerated clay particles. This agglomerated structure could have caused low property in the composites. This effect is caused due to the less shear force during mixing of clay particles and molten polymer.
Conclusions
A relatively new class of material consisting of polypropylene as matrix material and the nanoclay as reinforcement filler is prepared by using extrusion or casting methods. The result shows that the addition of nanoclays increases the melt viscosity of the all the type of PP samples. Nanoclay acts as nucleating agent in LM-PP composites due to the increase of % crystallization and rate of crystallinity of LM-PP samples. These nucleating effects of nanoclays in PP samples were studied using Avarami's equation. The kinetic study shows reduced nucleating effect of nanoclays in higher molecular weight PP samples. Exfoliated structure forms in LM-PP composite series, and where as proper improvement of shear force in extrusion proved exfoliated structure in higher molecular weight PP composite series. The low shear force and agglomeration of particles causes reduced tensile properties of melt cast samples over extruded composite. The outcome of this work suggests that the nanoclays acts as a viable nanofiller in the development of particle filled polymer composites. The nanoclay distribution in matrix is depended on molecular weight of the polymer, processing or synthetic conditions. The nanoclays im- 
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